A laser shock wave is generated by the irradiation of a 10-ns pulsed laser beam using a plasma confinement target assembly. Nanosecond time-resolved fluorescence spectroscopy is performed on rhodamine-6G dye in an ethanol solution. The fluorescence spectra show a red shift under shock compression. The observed data demonstrate that the fluorescence of rhodamine-6G dye is suitable for use as a pressure scale for laser shock compression at the examined pressure range.
Introduction
Shock wave science has been providing important data at high pressures to geophysics, astrophysics, and materials science. In conventional shock experiments, guns are used to launch a flyer for generating the shock wave. However, operating of the gas gun is difficult and dangerous. Recently, a method of laser shock compression has been developed using a pulsed laser. By focusing a pulsed laser beam onto materials, laser ablation occurs and the shock wave is generated as a counterforce of the laser ablation. Because pulsed lasers can irradiate a wide range of energy from nanojoules to kilojoules per pulse at time domains ranging from femtoseconds to nanoseconds, a shock wave can be generated by the irradiation of a pulsed laser beam onto materials. We can carry out time-resolved, pump-probe type shock experiments, e.g., Raman and fluorescence spectroscopies [1] [2] [3] , for measuring transient changes in molecules under shock compression at a time resolution of the laser pulse width.
The use of optical spectroscopy for examination of the microscopic response of shocked materials has received increased attention in recent years [4] . Fluorescence from impurity atoms, molecules, or ions can provide important information regarding the local changes around the impurities. Shen and Gupta [5] studied the fluorescence of rhodamine-6G (R6G) dye in an ethanol solution under high pressures using the conventional gun system and found that the peak shift of the fluorescence of the R6G is suitable for use as a pressure scale under 2 GPa, where a ruby scale is not practical because the peak shift of the fluorescence R lines of the ruby is small [6] . The R6G pressure scale is considered useful for laser shock compression, because the samples used in laser shock experiments are usually small. However, the applicability of this method to laser shock compression is not straight forward because the temporal and spatial distributions of the laser shock are dependent on those of the laser beams.
In this paper, we studied time-resolved fluorescence spectroscopy on R6G dye in an ethanol solution under laser shock compression employing a plasma confinement target assembly.
Experimental
A pump and probe technique was used for the timeresolved fluorescence spectroscopy. Figure 1 shows a schematic of the experimental setup. A shock wave was generated by focusing a laser beam on the aluminum targets, which contact to the sample, using plasma confinement geometry. The fundamental light (1,064 nm) of a nanosecond Q-switched Nd:YAG (yttrium aluminum garnet: Powerlite Pulse, Continuum) laser, whose pulse width is 10 ns, was used for shock generation. The spatial and temporal distributions of the laser beam are Gaussian. The shock generating fundamental light was focused on the target through a multilens array coupled with a normal lens in order to improve the Gaussian laser profile to a flat top profile. The diameter of the focused-laser spot was 1.25 mm. The probe beam was a second harmonic light (532 nm) from a picosecond Nd:YAG laser (EKSPLA) whose pulse duration author's e-mail: nakamura@msl.titech.ac.jp. is 25 ps. Both lasers were synchronized and delayed by using a pulse and delay generator (DG5353, Stanford Research). Timing jitter of the system is ±1 ns.
The target assembly with a plasma confinement geometry [7, 8] was fabricated with a back-up float glass substrate (100 × 100 × 3 mm 3 ), 30-µm thick aluminum foil, a 50-µm thick Teflon spacer, and a cover float glass substrate (100 × 100 × 3 mm 3 ). The sample was filled into the space surrounded by the Teflon and glasses (Fig. 2) . The target assembly was mounted on a motorized X-Z stage. By focusing the laser beam onto the aluminum foil with a spot, confined plasma is generated near the aluminum-glass interface, which drives a shock wave through the aluminum foil into the sample. The sample was rohdamine-6G (R6G) in an ethanol solution at a concentration of 10 -3 M. Both R6G and ethanol were spectroscopic grade. The probe laser beam was focused (a diameter of 200 µm) on the rear side of the sample and was centered opposite the focus of the pump beam. The energy of the probe pulse was set to be lower than 30 µJ. Heating of the sample by the probe-laser pulse is negligible, because the laser energy is small and the ethanol is transparent for 532 nm light. The fluorescence was collected and focused into a 400 µm core optical fiber by the camera lenses, introduced into a spectrometer, and detected with an intensified charge-coupled-device (CCD) camera (Andor Technology). The fluorescence signal is strong enough to be detected by a single shot experiment without any accumulation.
The particle velocity at the interface between the Al foil and the ethanol was independently measured using an optical recording velocity interferometer system (ORVIS) [9, 10] . Using the particle velocity and an equation of state (EOS), we estimated the shock pressure. The EOS used was U s = 1.37 + 1.65u p , which was calculated from data reported by Brown et al. [13] , where U s and u p are the shock and particle velocities in km/s, respectively. Figure 3 shows a typical example of the particle velocity obtained by the ORVIS measurement at the interface between the ethanol and the Al foil at a pump-laser energy of 500 mJ. The maximum particle velocity obtained was 0.53 ± 0.08 km/s and the peak pressure was estimated to be 0.93 ± 0.22 GPa. The shock wave is generated by laser ablation of the Al foil. The laser-induced plasma is considered to be confined in the gap between the front glass and the Al foil, and the shock pressure was maintained for a relatively long time. In the plasma confinement target, shock duration (∼ 40 ns in the present experiment) is longer than the pulse width of the pump laser beam (10 ns). Figure 4 shows a typical example of the fluorescence spectra of R6G under shock compression at a peak pressure of 0.93 ± 0.22 GPa. At the ambient pressure, the fluorescence has a peak at 559 nm and is assigned to the π* -π transition Fig. 1 Schematic of the experimental setup for velocity measurement. ML: multilens array, L1-2: lens, CL1-2: camera lens. Fig. 2 Schematic of the target assembly. Fig. 3 The time evolution of the particle velocity at the interface between ethanol and the aluminum under laser irradiation at 500 mJ.
Results and Discussions
[11]. At 0.93 GPa, the peak shows a red shift of 8 nm (210 cm -1 ), which means that the energy gap between π* and π states decreases. This is due to an increase of the polarization of the R6G molecule caused by increasing the pressure. At a delay time of 21.8 ns, almost the whole volume of the R6G/ ethanol solution is considered to be under high pressure states. The shift of the fluorescence agrees closely with that reported by Shen and Gupta through the conventional shock experiment [5] . In addition to the red shift of the peak, the band width became boarder under shock compression. The spectral broadening is due to the increases in both pressure and temperature, but the peak shift is due mainly to the increase in the shock pressure [5] . The calculated shock temperature of the liquid ethanol at 0.93 GPa was approximately 350 K.
In the present measurement, time-resolution is approximately 4 ns, because the lifetime of R6G in ethanol solution is 3.5 ns [12] . The spectra shown in Fig. 4 consist of fluorescence from both the shocked and ambient regions. The volume of the shocked region increases as the delay time increases, because the shock wave propagates inside the solution. Therefore, the ratio (F s / F a ) between the fluorescence from the shocked and the ambient regions changes. This ratio is expected to correspond to the volume ratio of the shocked and ambient regions and is expressed by
where V s and V a are volumes of the shocked and ambient region, respectively, d is the thickness of the solution, and U s is the shock velocity. Figure 5 shows the time-resolved differential spectra of the R6G/ethanol solution at a peak shock pressure of 0.93 ± 0.22 GPa. The intensity of the fluorescence signal increases as the delay time increases along with the shock wave propagation inside the solution. The fluorescence shifts to a higher wavelength of 8 nm (210 cm -1 ) and broadens to 6.2 nm at full width of half maximum. The spectral shape does not change within the propagation of the shock wave for 20 ns. This means that shock compression is maintained for 20 ns, which is longer than the pulse width (10 ns) of the laser beam, due to the effect of plasma confinement between the Al foil and the glass plate. The results show that undesirable phenomena such as reorientation and solidification of the solution do not occur at the present pressure. The timeresolved fluorescence spectroscopy measurements were also performed at higher-shock pressures of up to 1.6 GPa. At a shock pressure of 1.58 ± 0.35 GPa, the spectral shape was almost similar to that at 0.93 GPa and the peak shift was 17.2 nm (472 cm -1 ). The obtained data suggest that the fluorescence shift is useful as a pressure scale for laser shock experiments at low pressure ranges. The relationship between the shock pressure (P [GPa]) and the fluorescence peak shift (F [cm 
